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ABSTRACT 


U*Afi. 

Studies  liuia  Min  carried  out  to  determine  certain  basic  properties 
A 

of  the  complex  metal  sulfide,  SbSbSa,  that  pertain  to  Its  use  as  a  solid 
lubricant  and  lubricant  additive  material.  Past  research  he^ demonstrated 
that  this  material  exhibited  superior  extreme  pressure  (EP)  performance, 
antiwear  properties,  and  high  temperature  stability.  The  present  research 
■hep  verified  the  performance  under  EP  conditions  as  an  additive  to  a 
base  grease.  However  the  performance  of  SbSbS*  as  a  solid  luL  .'leant  (In 
the  form  of  a  powder)  was  not  found  to  be  effective  at  temperatures  below 
about  225°C.  It  was  noted  though  that,  when  used  as  a  dry  powder  lubricant, 
the  compound  did  produce  a  thick  adherent  film  on  steel  surfaces  In  sliding 
contact.  Six  different  types  of  wear  and  friction  tests  were  carried  out 
under  various  conditions  of  load,  sliding  speed,  contact  geoawtry, 
temperature,  and  time.  In  order  to  fully  explore  the  potential  of  SbSbSa 
as  a  lubricant  on  several  different  metals.  In  a  number  of  cases.  Its 
performance  was  compared  with  MoSg  and  with  other  sulfur  containing 
additives  In  lubricants.  Electron  microscopy  studies  on  film  material 
removed  from  the  sliding  contact  surfaces  heue  shewn  that  the  Interaction 
of  sulfur  released  from  SbSbS*  with  the  steel  surface,,  presumably  at 
locally  elevated  temperatures,  fs  a  principal  mechanism.  However,  the 
physical  characteristics  of  the  SbfbSa  film  In  the  con|ac\aono  probably 
also  have  a  significant  role  In  Its  overall  performance.  \ 
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This  r«port  will  describe  results  obtained  In  a  project  concerned  with . , 

x :  ■  r'  ■  '  **  r  -  ovrirbfc.f.  m,  Tw**  anorfroneo  gaTbffe 

evaluation  and  characterization  of  the  wear  properties  of  metal  surfaces 

■  ••.')»*•:  .  yf,:-:r  c  *  ;  ■'  ■  -ynwr  fr.  jsjo  fix 63  nssd  ever  »ia«j 

lubricated  with  certain  Inorganic  solid .  sulfur,  compounds,*  ,  S|rvpf|J 
materials,  such  as  SbSbS, ,  have  been  shown  to  exhibit  superior  extreme  ■  t 
pressure  (EP). performance,  anti  wear  properties,  and  high  temperature  stablllljt^f, 
under  laboratory  test  conditions  (1-4).  It  was  Important  In  the  present 

;k>!^  t,c  <1 

work  to  determine  more  fully  the  conditions  under  which  these  compound? 

■  ■  i  !  -  ,  <  i.  .  ‘  •  -  C7  i  :•  '  ■  '-M>  vd  I'tr; /,=:«  x>  -tn  :  rr 

were  effective,  to  compare  their  performance  with  pther  known  lubricants, 
and  to  Improve  the  understanding  of  the  mechanisms  by  which  they  function. 

'  ^  ..  r.  s  1  -  i.’l  'trip  {/  "  c ,  U*>bt6 

The  study  thus  far  has  concentrated  on  one  compound,  SbSbS. ,  antimony 

•j-"  ;  e  r  v  ih:.i  iC.ty&j  nit  .j '29  j  ,:l] 

thloantlmonate.  That  material  had  been  studied  before  (1-4)  and  was  fpund 

to  possess  very  good  EP  lubricating  characteristics.  It  was  thought  that 

■  ■  ;  A :  ^  vz  If  f  j  ' 

this  compound  could  serve  as  a  high  quality  solid  lubricant  material,  and. 
that  It  might  offer  Improved  performance  In  bearing  applications  Involving  ^ 
metals  such  as  stainless  steels  and  titanium  alloys.  Navy  requirements 

for  lubricants,  both  as  additives  to  oils  and  greases,  and  In  dry  film 

■  -  V  -  vji;  \  t A 

applications,  are  varied  and  Involve  a  wide  range  of  contact  loads,  speeds, 
and  environments.  The  development  of  new  lubricant  materials  with  Improved 

•  f  -  .  i  ■  -  'r'i;  v ;  jjc  •  9f<'  V 

EP  and  other  characteristics  would  be  of  significant  value  In  many  Navy 

*■'  ■  "  ’  V ■  n:  .  b.1  3W  >'■  ,H/m  £)Vt.;V 

applications,  particularly  If  bearing  maintenance  Intervals  could  be 
lengthened  as  a  result,  or  If  more  corrosion  resistant  metals  could  be 

employed  In  bearings  without  compromising  the  wear  performance*  .The . — - - 

avaflibtmy  bf  proven,  tested  eltHfhatlvei  %o  pfbetSftiy  dMNl  rnalilflim^  ?  *** 
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program  needs. 


•Commercial  products  are  Identified  In  this  report  In  order  to  fully  dm 
the  materials  used  and  the  testing  conditions  Involved.  Endorsement  of 
materials  by  MBS  Is  not  Implied. 


The  present  study  teas  exant  nod^^ie'^  of  SbSbS^ 
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sltdfng  conditions  and  as  an  additive  to  oils  and  to  groase.  six 
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Mnottt^na^d  ^suai's^ 

friction  dtW  obtained.  An  inportant  wpde^of  4h1s  dbrt'iiis '  - 

attempt  to  identify  the  Mechanises  by  which  ^lie^ rsS»y>S‘4;; s3‘5<? 
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In  1968  a  paper  by  Devine  (1)  et  al .  reported  bn"New 
Agents  for  Lubricant  Materials,"  Arsenic  and  antinony  sulfides  were  ^  V)  S1S* 
added  (St  by  weight)  to  a  base  grease,  and  evalbateduslng  the  fOin*>ldtll 

1 ;  i"  '/>  ■>■’•'  .  v'i  %  */'■  j' ;  ?\;  :~Q«.  .sfcd  ■’  j/'  ,;5;<r«^  V  f)  U  ^  5-ftT 

EP  test.  The  conpounds  studied  significantly  Increased  the 
seizure  load*  and  the  weld  load**  over  that  Measured  for  the  base"  snoase!,nf 
Certain  sulfides  (AsSbS4,  AsAsS4,  Sb2S3,  and  $b^5)  increased^5'  "  u 
weld  load  to  greater  than  400  leg  compared  with  80  leg  for  the  base  great  «P 
and  200  kg  for  a  5*  MoSg  addition.  based  upon  those  promising  results''  J  Jtrtj 
further  studies  of  the  nixed  Metal  sulfides  were  conducted  by  the  havat  '  ,si'sm 
Air  Developnent  Center  (2-4).  A  variety  of  these  sulfides  1ncludlng  ih^b>S4  ^ 
were  ev* "  '.ted  as  grease  additives  using  the  four-bail  13P  test.  ’  ’’Tha^ge^' 
approximately  the  sane  seizure  load  as ' obtained ' i^tt'Sig-contiVl^ng '  froiiir  n‘ 
but  gaye  Much  higher  weld  loads.  However,  most  ot  these  compounds  did  net?*  ^ 

i'  t;  ■Sf'i  v!  f:;  «  -  nofJE^tf<jqt. 
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♦Seizure  load:  load  In  the  four-ball  EP  test  at  which 
wear  scar  diameter  is  noted. 


**Mald  load:  load  In  the  four-ball  EP  test  at  which  wdlllhg 
the  balls. 
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pats  the  AST*  copper  corrosion  test,  exdept ;f  oi*J 

That  compound  was  also  effoctive  as  a  iubrt*ani  ateltlve  with  ffilii1 
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also  obtained  when  these  expounds  were ^oliei'al  dry  f^iw  t^bfldJmls  w 
a  phenolic  binder.  However,  wHen  used  as  dry  solid  JubrtcahH&iiy  ^stewed 


/;>  Jr  I  b  OP  i  K 


were  not  as  effective  as  MoS2  In  the  press  fit  test  where  a  cyliiwtnaiT 
pin  Is  pressed  Into  a  hushing.  Further  Investigations  of  St^hS^  as  if 
grease  additive  Were  convicted  by  King  and  AsWerom  (5).  Using  the  f&tiC  u/  !l 
standard  four-ball  test  (D2596)  they  stewed  dramatic  increases  ihthe  *C 
weld  load  and  seizure  load  (table  1)  over  that  for  the  lithium  bate  *  ’  ’  *' ' 
grease  (PiNBl)  and  the  hoS2  additive  In  grease. 

Other  greases  were  studied  with  the  same  additives  andshdwed  h  ' 

*•  -  ry ;t  J  -•-*!  '  -  .*  ;  ■  if  f  *■  ^  .  Ofj  .  {*  1 

essentially  the  same  effect.  It  was  also  found  that  only  small 
concentrations  of  SbSbS^  in  the  grease  were  needed  to  stghlfldi’ntly 
Increase  weld  load  capacity  and  that  there  was  a  strong  concentration 
effect  (Fig.  1).  These  results  generated  considerable  Interest  in  tl' 

SbSbS4  and  raised  the  question  as  to  the  mechanism  responsible  for  the 

.  .  L:v<.  .  .  ,  .  ■  ^  .  ,  ■-  v  teflon  nzf*  bl teO?i~ 

enhanced  performance  imparted  by  SbSbS^. 

Although  a  great  deal  of  work  has  been  reported  on  the!tehad:tW  ,m>  eV1 


grease  (Rih&l)  and  the  MoS2  additive  In  grease. 

Other  greases  were  studied  with  the  sane  additives 
essentially  the  same  effect.  It  was  also  found  that  bn' 
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of  soluble  additives  such  as  sulphur.  phospterOOs.  and  OblOrlhe-  1x0  v'  6  e 

containing  Molecules,  there  has  been  relatlveTy  llttle  wbrk  reported 

on  solid  additives  other  than  HoS2.  Oanshelmer  (6)  1nvtei^$t^ JtV  9>s 

solids  such  at  Inorganic  phosphates,  oxides, f ^WWldy* *  r 

H.  nmtm  tit.  m*  aTtk,  iiaeuem  grewr** b,m 

tmtlnedms 


*ianshe1mer  (6)  does  not  define  O.K.  load,  however.  It  usually  rotten 
to  •  lood  which  Is  e  small  constant  Increment  (e.g.  10  kg)  below  tee 
wold  load.  j 
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a^A  %m  «*•?§  that  the  prpc^  dldjgt  infolve  ff||.;*$ig§^ 
rathar  a  reaction  to  fora  FeP  in  t*  c^tac* 
involved  can  be  *1te  complex.  When 

oil  a  reaction  occurred  at  the  metal  surface  to  .f^jCaF^t^  jp| 
to  be  responsible  for  Improved  lubricating  ^ 

Another  Investigator  (g)  efW  a  nurter  of  ^ffer^t^Uf  0$ 
to  Mineral  oil  and  found  large  Increases  tij  bfttb  tN>,Jead^wefr  ,^i| 
the  weld  load  (Table  3) 


The  lijcronsf  In  theweld 
correlated  with  oxide  hardness:  softer  oxides  gav^ 
should  also  be  noted  that  extremely  high  weld  loafi 
*A  «nd  S*>A‘  wh1ch  #r*  low  nalt1ng  (57^ 
glassy  oxides 


Unfortunately  the  authors  did  not 
onder  which  tha  ^ld  !°ad  was  obtained  so  tha|  dij 
•**4  «rt  net 

Thus  it  &m 

fluid  lubricant.  It  nay  improve  the  near  behavlm*  1 
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The  solid  may  form  a  film  on  the  surface,  sucH  as  was  ^ 
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HoSg  and  the  oxides.  This  takes  place  primarily  fn  tb*  Tom 
region.  This  film  reduces  wear  only  slightly  with  aii  emctTf* 
lubricant  but  has  a  major  effect  on  the  selzui*  load'.  Hie  soft&f* 
the  film  the  greater  the  Increase  In  seizure  liiad  ^iiaf  *^^^^ 17  ,ri 
The  solid  may  participate  In  a  reaction  with  the  surface  to  form  ""''£ 


another  film.  This  effect  is  most  notlcable  In  region  II  at  higher 
loads  (Fig.  2)  where  It  significantly  reduces  wear  and  significantly 
Increases  the  weld  load. 

The  mechanism  of  action  of  solid  additives  seems  clear.  In  region  IT  (Fig.  2) 
the  film  that  Is  formed  prevents  metal  welding.  The  weld  load  Is  effectively 
Increased  by  replacing  metal  welding  by  film  failure. 

.  •!  '•  <V 

The  mechanism  by  which  a  solid  film  Increases  the  seizure  load  Is 
somewhat  more  complicated.  However  some  guidance  Is  available  from  the  work 
reported  In  reference  10  concerning  the  mechanism  of  bounder)  lubrication 
with  oil.  From  a  detailed  study  of  the  seizure  process  It  was  concluded  that 
failure  was  dependent  upon  the  temperature  reached  during  rue-1 n.  Tf  the 
temperature  did  not  reach  the  "lubricant  desorption  temperature  T*",  low  wear 
would  result  with  surface  polishing.  For  temperatures  greater  than  T*,  local 

seizure  will  result  producing  a  high  wear  rate.  Thus  the  seizure  load  Is 
determined  by  the  condition  T  *  T*  where  T  Is  the  actual  surface  temperature . 
Higher  seizure  load  will  result  from  lower  surface  temperatures.  The  principal 
means  of  accomplishing  lower  surface  temperatures  Is  to  lower  the  friction 
coefficient  at  the  contact.  In  cases  where  friction  coefficients  were  measured 
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(11),  the  highest  seizure  loads  were  found  with  the  lowest  friction  additives. 

Thus  It  can  be  postulated  that  the  sol  Id.  films  laid  down  In  region  I 
(low  loads  -  fig.  2)  Increase  the  seizure  load  by  lowering  friction.  Almost 
any  soft  solid  could  perform  In  this  way  If  It  remained  firmly  attached  to 
the  surface.  However  good  adhesion  Is  difficult  In  the  presence  of  surface 
active  lubricating  molecules. 

In  dry  contacts  a  large  number  of  compounds  have  been  found  which  lower 
friction  and  prevent  wear  and  surface  damage  at  a  rubbing  contact.  The  general 
types  of  solid  lubricants  along  with  examples  are  listed  In  Table  4.  One 
common  property  of  all  these  materials  Is  that  they  are  relatively  soft. 

Many  compounds  which  do  not  lubricate  at  room  temperatures  become  more 
effective  at  higher  temperatures.  This  Is  Illustrated  In  Fig.  3  from  (12) 
where  friction  coefficients  for  a  variety  of  materials  are  plotted  against 
temperature.  The  reduction  In  friction  Is  due  to  the  lower  shear  strength  In 
the  solid  film  at  higher  temperatures.  The  conclusion  drawn  from  such  studies 
Is  that  almost  any  compound  will  behave  as  a  solid  lubricant  as  the  operating 


temperature  approaches  the  melting  point  of  the  compound.  However  to  be 
effective  It  has  been  shown  that  a  layer  of  the  solid  must  be  firmly  attached 
to  the  metal  surface.  Soft  solids  which  did  not  adhere  do  not  perform 

<  c :  u  m 


well  as  solid  lubricants. 

Available  data  on  sulfides  used  as  solid  lubricants  are  limited  other 
than  for  MoSg  and  WS2.  Some  values  for  coefficient  of  friction  are  given  In 
Table  5.  It  can  be  seen  that  many  sulfides  are  at  least  partially 
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The  effect  of  sulfur  on  wearing  contacts  has  been  the  subject  of  a 
large  number  of  studies  (references  14  to  20).  In  the  work  of  Oavey 
(14-18)  and  the  later  work  of  Forbes  (19)  using  soluble  organic  additives 
the  following  mechanisms  were  proposed.  At  low  loads  (region  I  -  Fig.  2) 
the  sulfur  molecule  Is  either  physically  or  chemically  adsorbed  on  the 
steel  surface  of  Interest.  The  sulfur  atom  Is  attached  with  the  chain 
oriented  perpendicular  to  the  surface.  At  higher  loads  (region  II), 
cleavage  of  the  sulfur-sulfur  bonds  occurs  and  a  sulfur-metal  reaction 
can  occur.  The  actual  effectiveness  of  an  organo-sulfur  compound  Is 
related  to  the  ease  of  splitting  the  S-S  bond  necessary  for  adsorption 
and  the  sulfur-iron  Interaction.  Obviously  the  first  step  for  reaction 
to  take  place  Involves  adsorption  at  the  surface.  In  region  II  the 
actual  film  does  not  appear  to  be  pure  sulfide  (21)  but  some  mixture  of 
metal  oxide  and  sulfide.  As  the  weld  load  Is  approached,  a  higher 
percentage  of  oxide  Is  found.  This  Is  understandable  since  Buckley  (22) 
has  shown  oxygen  replaces  sulfur  In  a  metal  sulfide  compound.  In  later 
work  Sakural  (23)  confirmed  the  sulfur  reactivity  role  and  found  that  an 
optimum  sulfur  concentration  existed.  This  optimum  concentration  Is 
that  needed  to  give  a  critical  film  thickness  for  minimum  wear.  A 
direct  correlation  (15)  Is  found  between  wear  and  reactivity  In  region 
II  as  shown  In  Fig.  4.  It  should  be  noted  that  the  maximum  load  carrying 
capacity  Is  obtained  with  sulfur  additions. 

In  summary  a  number  of  explanations  can  be  proposed  to  account  for 
the  effective  lubrication  characteristics  found  for  SbSbS^: 


(1)  It  can  fom  J%9».  effective  solid  film  lubricant*  bo$i  tyl  tm 

contained  In  a  fluid  lubricant.  (  ;  ^  n: 

(2)  It  can  serve  as  a  source  of  sulfur  which  Improves  both  dry  and 

fluid  lubrication  especially  In  the  high  load  region,  ^ 

(3)  Upon  decomposition  under  EP  conditions,  antimony  Is  ltberatfd  A 

which  can  act  as  a  lubricant  or  which  can  contribute  to  the  formation 
of  a  lubricating  film. 

(4)  Lubrication  reactions  can  be  more  complicated;  the  SbSbS^  may  be 
Involved  in  reactions  with  the  lubricant  Itself  or  with  oxygen 
present  at  the  contact. 

In  the  present  study  a  series  of  experiments  were  carried  out  to  consider  , 
the  feasibility  of  these  different  explanations. 

III.  Test  Methods  and  Materials 

Testing  procedures  involving  six  different  machines  were  used  to 
evaluate  the  friction  and  wear  characteristics  of  SbSbS^  both  in  the  dry  powder 
form  and  when  blended  as  an  additive  with  base  lubricating  fluids.  The  same 
procedures  were  also  applied  to  other  lubricating  materials  for  comparison 
purposes.  Three  of  the  test  machines,  the  four-ball  EP  machine,  the  pin  and  V- 
block  (Falex)  machine,  and  the  block  and  ring  (LFW-1)  machine  are  widely  usod 
for  lubricant  testing.  Two  other  wear  test  machines,  the  3-pln  on  disk  machine, 
and  the  reciprocating  linear  sliding  high  temperature  machine  were  special 
laboratory  designs.  The  sixth  machine,  a  ring  compression  apparatus  was, 
strictly  speaking,  not  a  wear  test  machine  but  an  application  of 
a  commercial  compression-tension  testing  machine  operating  In  the  compression 
mode.  All  tests  were  conducted  In  laboratory  air  (21-23*C).  The  relative  humidity 
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«ms  monl toiled  but  not  controlled;  it  was  fotind  to  vary  between  4b  arncf  6OT. 
In  the  remainder  of  this  section  a  brief  description  of  each  of  t*heu&st 
systems  will  be  presented  together  with  a  suwary  of  the  test  procedures 
that  were  applied. 

A.  Pin  and  V-block  Tests 

A  detailed  description  of  the  pin  and  V-block  machine  (also  known 
as  the  Falex  machine)  can  be  found  In  a  paper  by  FavlTle  and  Faville  (24) 


as  well  as  In  three  ASTM  standard  test  methods  (02627,  03233* 


which 


are  based  on  this  machine.  The  test  specimens  consist  of  two  blocks  with 
96°  V-grooves  and  a  cylindrical  6.35  nm  diameter  pin.  The  V-blocks  are 
held  In  a  lever  arm  mechanism  and  squeezed  against  the  rotating  pin. 

The  load  can  be  adjusted  manually  or  Increased  automatically.  The 
magnitude  of  the  load  Is  usually  Indicated  by  a  dial  gauge;  however* 
the  present  machine  was  modified  to  Include  a  strain  gauge  type  load 
cell  which  allowed  the  load  to  be  Indicated  electronically.  The  torque 
Imparted  to  the  V-blocks  as  a  result  of  the  friction  force  was  also 
measured  by  a  strain  gauge  type  load  cell.  Load  and  friction  force  together 
with  specimen  temperature,  which  was  measured  by  means  of  a  thermocouple  spot 
welded  to  one  V-block,  were  continuously  recorded  during  each  test.  The  test 


specimens  specified  In  the  ASTM  standards,  V-blocks  of  1137  steel  and  pins 
of  1335  steel, were  used  In  many  tests.  To  evaluate  the  behavior  of  SbSbS. 


with  other  metals,  specimens  of  440  stainless  steel,  52100  steel,  4$tt) 


‘ilipJjtff  c  <  ‘  h 


and  T1-6A1-4V  were  also  employed. 


•.  i  :»yt*ilOO  i> 


..  :  :'A  . 


Wmmw- 


i  m  .  Iiiuiipi  i  .,  n  i  mmmmmmmrn 

<m  *rn  to  Mtermyr6&4Mi.!  lifWirt**"*  m*f 


modification  tffASTW03233,  method  A,  Which  is 


fr!>i  adt 


load  ctiwylitg  Capacity  of  fluid  lubricants,  In'  that  pi^bdedtoTe  dfl^r  d 3  fn’ftes^ 
5  min.  run-in  at  1330  H  <300  lb)  the  load  Is  adVhhced  automatically  *** 

failure  ddfcul*  either  by  fracture  of  the  specimen  locking  pin,  of  l^hi  f  ^u53S-no^ 
specimen  pin  Itself,  or  by  extrusion  of  the  specimen  pit).  The  fallWt%  efWit  ~ 


is  accompanied  by  a  narked  rise  In  friction  force  when'  seizure  and 

fracture  occur,  or  by  a  drop  In  the  Toad  advance  rate  when  plh  extruslon  resblts. 


The  load  at  Which  the  failure  event  occurs  Is  designated  the  load  '  .  ^  ov 

carrying  capacity  of  the  lubricant  according  to  this  test.  The  AS1M 
method  specifies  that  the  specimens  be  Immersed  in  a  fixed  volume  of 
lubricant.  A  different  procedure  was  adopted  when  the  test  was  apiftled  to  ‘ 
greases.  The  V-grooves  of  the  V-blocks  were  filled  with  grease!  dhd  then  ’’ 
squeezed  against  the  pin.  No  additional  grease  was  applied  during  the  ■  ^ 
test.  '  ^ 

A  second  test  procedure  was  used  to  measure  wear  as  well  as  load  carrying 

> 

1 .  .  * '  (  ^  ^ *  *  $ 

capacity.  This  procedure  consisted  of  a  series  of  30  min.  tests  b 

starting  at  a  gauge  load  of  44S  N  (100  1b)  with  each  succeeding  test  beirig  '  ^ 
run  at  a  load  of  445  N  (100  lb)  higher  than  the  former.  The  series  was  ! 1  *‘u 
terminated  when  failure  occurred  before  the  30  min.  test  period  Was  0<*ip1eti£'i::t 
The  maximum  load  at  which  the  lubricant  was  able  to  survive  the  SO  Wlh.  '  '?s'  ,iU> 
test  period  was  considered  to  be  the  Toad  carrying  capacity  of  that"  *  c  'w< '  ft‘efcri 
lubricant.  A  major  difference  between  this  procedure  and  tht^irH^ddijilr^^  ,d 
described  involves  the  relationship  between  tmrperature  and  TOad.  In  the 
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first  procedure  load  Is  rapidly  aduap&ed  4ad  there 4*  4*  opporfunityv/qi^QT 
the  achievement  of  steady  state  thermal  conditipns.  A  steep •tempefetenf^.nbcw 
gradient  exists  at  the  contact  surfece.  In  tM  30  min.  constant  load* ?AoeH^  fesOT 
the  specimen  temperature  Is  allowed  to  rise  to  a  steady  state  valaiei ; .  n  nnn  3 
consequently,  for  a  given  load  the  surface  temperature  of  the  specimen  may  e  r 
be  considerably  higher  than  In  the  first  procedure.  <  ,  ,<** 

Hear  was  determined  by  measuring  widths  {lengths  were  approxlmetely  epesteit) 
of  the  four  wear  scars  on  the  two  V- blocks  and  calculating  the  average  weer(*;;C-,- 
volume.  These  measurements  were  found  to  be  most  useful  when  various  ,, 
lubricants  gave  large  differences  In  wear  rates.  Small  differences  poqld,,  . . 
not  be  resolved  because  of  scatter  In  the  data.  . 

B.  Block  and  Ring  Tests  - 

The  block  and  ring  tests  were  conducted  with  a  commercial  LFVM-  •• 

machine  equipped  with  a  30:1  lever  arm  and  a  strain  gauge  type  load  cell 
for  the  measurement  of  friction.  Grease  was  supplied  to  the  rotating  -,q 

ring  by  means  of  a  commercial  grease  feeder  adjusted  to  deliver  •  volume. of . 

3 

0.5  cm  at  20  min.  Intervals.  The  grease  was  supplied  directly  to  the  rotatimgrlng 
from  a  nozzle  with  a  rectangular  opening  approximately  equal  tq.  the  width 
of  the  ring.  During  the  course  of  a  test  the  grease  was  allowqd  tq  •  so;  u  nin 
accummulate  In  the  vicinity  of  the  nozzle  and  the  entrant  side  of  the.hlqck^r^.^i 
One  test  was  conducted  with  dry  SbSbS^  powder  as  a  lubricant.  In  tfy|t  ^  r  9fii 

case  the  powder  was  applied  repeatedly  to  the  ring  with  a  small  artist >,,9q 
brush  during  the  test.  ,«rW  j.w>Mdur 

The  test  procedure  employed  was  designed  primarily  tq  determine vn ?  badHoeob 


the  wear  rate  under  conditions  of  low  sliding  speed  and  high  load 


'  •  •'  .'I't-”--  -*d.  it*  >  •  i' cabl'd?  flt 

(below  seizure).  Most  of  the  tests  were  conducted  at  a  load  of  267  N 

»  aVsvc  *»ht  ?*■ 

(60  1b)  and  a  sliding  speed  of  5.5  cm/s.  Wear  Is  reported  here  as  the  volume 

•■■■  it-,  it  ok  vo 

of  Material  lost  froM  the  block.  The  volume  was  calculated  froM  the 
Measured  width  and  length  of  the  cylindrical  wear  scar.  Surface  profile 
traces  across  selected  scars  Indicated  that  the  scar  shape  conformed 
closely  to  the  ring  geoMetry.  Both  ring  and  block  were  of  52100  steel. 

The  ring  hardness  was  62  HRC  and  the  surface  roughness  across  the 

i .  .  '  Rri r 

cl rcuMference  of  the  ring,  perpendicular  to  the  grinding  direction  was 

0.17  pm  R  .  Slwllarly,  the  block  hardness  and  surface 

finish  were  62  HRC  and  0.25  pm  R  ,  respectively.  Details 

on  conducting  wear  tests  with  the  LFW-1  machine  are  discussed  In  ASTM  D2714. 

C.  Four-Ball  Tests 

The  fOur-ball  test  was  employed  mainly  to  confirm  the  results  of  King 
and  AsMeroM  (5)  who  first  evaluated  the  load  capacfty  of  SbSbS^  In  this 
way.  A  description  of  the  fbur-ball  EP  test  machine  and  the  test  procedure 
employed  is  described  in  ASTM  method  D2596.  Briefly,  the  test 
specimen  configuration  consists  of  one  steel  ball  that  Is  rotated 
In  the  apex  of  three  stationary  steel  balls.  Ten  second  runs  are  made 

•  ■?.  ■;  r  *:  *\ 

at  Increasing  loads  until  failure  occurs.  A  new  set  of  specimens  are  used 
at  each  load.  The  rotating  speed  Is  1770  RPM;  the  ball  material  Is 
SAE  52100  steel.  The  weld  point  Is  defined  as  the  load  at  which  the  balls 
weld  together  or  a  wear  scar  diameter  of  greater  than  4  mm  Is  obtained. 

D •  Rina  Compression  Tests 

A  ring  compression  test  has  been  developed  (25)  (26)  previously 
to  measure  friction  under  typical  metal  working  conditions.  The  test 
Involves  compression  of  a  metal  ring  between  two  flat  metal  platens. 

Changes  In  the  ring  diameter  at  a  given  amount  of  deformation  (reduction 
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in  ring  thickness)  can  be  directly  correlated  with  friction  coefficient 

■"  '■  ■  ’•••  -’ik:  -:  im-.#  c.i...  ro  i u  s i ss eiiireidji- • 

at  the  ring- pit ten  surfaces.  This  technique  can  be  used  to  evaluate  the  , 

•••  •  w  .  ‘  V-  •  i  ;  6  bai'y8$.  AH0$; 

effectiveness  of  solids  as  lubrtcants  at  high  normal  pressures  while  ilaMthif 

.  \  •  ...  '■■■■••  :,f  '  .  •  :.r. :r  i  ‘<xA  ■'fiHstfipw 

the  temperature  rise  during  the  test.  In  these  tests,  rings  of  1018  stiel 
(1.9  cm  OD  x  9.5  mm  ID  x  6.35  mm  thickness)  were  compressed  50*  between 
flat  plates  of  0-2  tool  steel  ftnlshed  to  4-8  urn  R  .  The  solid  or 


o  :i 


fluid  lubricants  were  applied  uniformly  to  the  ring  surfaces  at  the  start 

■■  '  •  :  h  •  £«:'<  Mil 

of  the  test.  The  coefficient  of  friction  was  determined  by  the  change  In 
the  Internal  ring  diameter  using  the  calibration  data  given  In  Table  6 


f .  o 
<  n 


reference  25. 

;  i  :'»V  '■ 

E.  Three-pin  on  Disk  Tests 

For  certain  tests  a  pln-on-dlsk  apparatus  was  used  (Fig.  5).  The  specimen 
configuration  consists  of  3  hemispherical  or  flat  ended  pins  sliding  B^rinst  a  flat 


plate  and  forming  a  single  wear  track.  The  pins  were  held  In  a  round  disk 
which  was  mounted  In  a  drill  press  chuck.  The  drill  press  had  been 

:  "  ;  /"•!*’  \  -  'V 

modified  with  a  variable  speed  motor  and  gear  drive  to  operate  up  to 
a  speed  of  350  RPN.  Alignment  of  the  contact  was  achieved  by  means 
of  a  ball  mounted  between  the  pin  holder  and  the  chuck.  The  flat 

-  90f!  cHj  rsi 

disk  specimen  was  mounted  on  a  small  table  below  the  pin  holder  and  was 

‘  if. 

supported  by  a  ball  bearing.  In  operation  the  table  was  restrained  by  a 

•Vfc'ji  i  6 

fixture  to  which  a  load  cell  was  attached;  this  allowed  continuous  recording 

M:-.'-?  O0TS3  JA2 

of  the  friction  force  during  the  wear  test.  The  table  also  contained  a 

fc>?9W 

cavity  In  which  resistance  heaters  were  Inserted  for  high  temperature 

.  f:j,0  p n(9  .0 

wear  test  operation.  Hater  cooling  was  provided  to  protect  the  ball 

■  1  ;•■!<:  .  1  .■  ;  'l  ;j  f  -I, 

bearing  during  heating.  The  load  was  applied  through  the  drill  press 

,  '  t-  .t  . :  '  ?'Ui269CR  0} 

spindle.  The  spindle  was  modified  to  reduce  vertical  friction  forces 


-*?  >  •  .  '’if 


f  os 


,,  ,  -nv  ,r.  ?  b  •  •  ;>?  SJftv  >1<;  W>  t)  TS&I&  $  #* 

which  Might  interfere  with  the  transmission  of  the  applied  load  to 


specimens.  Small  guide  vahes  were  attached  to  the  u#j®r''$in  mftiir ‘f» 

}.  '■  :  ■  kMl  -'u  s*raw 

e  continuously  returned  -9 


re*}?  fa®} 


that  the  lubricants  In  the  powder  for*  wi 
sliding  track  In  front  of  the  pins  during  the  test.  The  solid  powders 
were  spread  on  the  disk  with  a  thickness  of  approximately  3  as.  Hardened 
SAE  $2100  steel  balls  and  0-2  tool  steel  disks  were  used  for  most  of  the  J  ' 


expert nents.  Tests  were  run  at  a  load  of  237  N  (53.3  lb),  a  spied  of 
10  ca/s,  and  temperatures  froa  20°C  to  250*C, 

F.  Reciprocating  Linear  Sliding  Tests 

For  high  temperature  tests  a  reciprocating  sliding  rig  was 


uuJ 


:>  '■  ■3W  *8M 

I  - r  i.  f-jr»5SI5» 


(Fig.  6).  It  consisted  of  a  flat  ended  pin  (6.35  x  6.35  m)  sliding  back  ^ 
and  forth  against  a  flat  plates  the  track  length  was  25  na.  The  pin 


was  held  In  an  arm  which  was  moved  back  and  forth  by  an  air  motor.  Owe 
end  of  the  moving  era  was  supported  by  a  universal  joint  so  that  It 


vr  S': 

K«yi*rt 


,  ••  r  f>  j  f,  t  ’**  fag. 

move  In  both  the  linear  horizontal  and  vertical  directions.  Load  was  applied 


by  an  air  cylinder  which  was  mounted  directly  above  the  specimen  pin.  Motion 


••  f  •  \  ■  .  ■  a  a ; ,  s4j6x  }  2»;T 

was  Imparted  to  the  moving  arm  through  strain  gauges  so  that  the  friction 


force  could  be  measured.  The  flat  plate  specimen  was  fastened  to  a  blow 


■$W‘!  "3S2 


.  •  -•  ■'  >>■<;  .« .A 

mounted  directly  under  the  pin.  The  test  specimens  were  surrounded  by 
a  furnace.  Heat  was  supplied  to  the  upper  and  lower  specimens  by  cartridge 

•  •  >.r  'r.i  i -rf j 

heaters  mounted  In  the  specimen  holder  blocks. 


In  operation,  the  specimens  were  placed  In  the  test  rig  and 


i.o  fei-uH 


S’ 
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brought  to  the  desired  operating  temperature.  The  lubricant  Mas  applied 
“  •  <3  -  «"  »h«  flat  plate  and  tM  tast  beoun.  * .  4J  „ 

t«nl  staal  spaclmns  (60  HRC)  havinj  a  ».nd  blasts  surf.c,  fln(»^? 

wra  aaplnyad.  A  load  of  1«  N  (32  lb)  tnd v^locl^f  25  ■/««  . |(.  ((M)J 

mbs  used.  Ten  Minute  test  runs  were  node  at  Increasing 

..  •  rr  ,  ■  v*  ,  |Jj>  i  ? 

temperature  levels  from  room  temperature  to  580°C.  Friction  was  plotted 
as  a  function  of  temperature. 


S.  Lubricant  Materials 


A  list  of  the  lubricants  studied  In  this  program  Is  given  in  Table  7. 


■ .  ■  :  ■  >>•  •  VC'  0! 

Tests  were  conducted  on  dry  powder  materials  and  on  many  of  the  same 

materials  blended  with  two  different  base  fluids*  a  lithium  12- hydroxy  stearate  grease 

designated  RN81  by  Its  manufacturer  and  a  laboratory  grade  of  white  paraffinic 

■  •  ■'  .:>■■■•  :  ■,  - !  ;  >  .pfT) 

mineral  oil.  Several  of  the  solid  materials*  most  notably  HoS„  were 
selected  because  of  their  known  good  qualities  as  solid  lubricants.  These 

'  ■■■•50  r  fin- 

served  to  provide  reference  data  to  which  results  obtained  with  other 
materials,  in  particular  SbSbS.  could  ba  compared. 

•  *  ••■.  i  ■  -i voflt 

IV.  Results  and  Discussion 

:  "" .  r .  'r?-  ■'<«  itd 

Test  results  and  analysis  of  these  results  are  presented  in  the  following 

r  ’ !  ••  ■-  ••  ;■  ’  r  ?tsw 

sections. 


A.  SbSbS,  as  a  Solid  Lubricant 


V  ■'  koJnuam 


SbSbS.  has  been  referred  to  be  a  solid  lubricant.  According  to  the  general 

*  ■  ’  ■  ■  ■  •  t-.  -  -  ;?<•  .  ofhooijf  a 

usage  of  this  tern,  SbSbS.  in  the  solid  form  and  not  In  combination  with  a 
fluid  or  other  solid  material  would  be  expected  to  reduce  substantially  friction 


••4  war.  To  achieve  tMs  function  a  layer  of  the  solid  lubricant  meet 
Mist  at  the  contact  surface  tetwoon  sliding  mute**  end  #  stfiiftOMt  nfet* 
proportion  of  tlm  sliding  and  slioar  oust  take  place  on  or  within ^hte.lMmHup  n 
The  mnctejgfetl  properties  of  the  solid  lubricant  layer  ore  socb  Mat  ~  >i,n  ,s{ 
traction  forces  era  loner  than  mold  otherwise  exist,  in  dltpoaoad 
previously,  the  solid  lubricant  function  nay  depend  on  fparjtara  and  i.  6 
pressure.  (The  gaseous  onvlronnent  my  also  bo  Important,  but  In  thnpraouut ,fc£-- 
Investigation,  It  was  confined  to  room  air.)  To  explore  the  solid  leMpept . 
behavior  of  SbShS4>  tests  uere  conducted  at  various  tenperetures  and  leads  <•- 
An  example  of  the  variation  of  friction  coefficient  with  sliding  distance  at  reap 
tauperature  obtained  with  the  3-pln  on  disk  Machine  Is  shown  In  Fig,  7.,  - 

In  these  tests  dry  powder  was  spread  on  the  disk  surface  end  the  .tost,  ewaopwred  ... 
As  noted  earlier,  vanes  located  on  the  pin  holding  meter  continually  i^at|nvif|d  ^ 
powder  to  the  wear  track  on  the  disk  after  It  was  pushed  away  by  the  pins*. 

The  friction  coefficient  trace  In  Fig.  7  rises  rapidly  with  largo 
fluctuations  to  a  value  of  about  0.7.  Examination  of  the 
pin  and  disk  sliding  contact  surfaces  revealed  the  presence  of  e  • ;  {S^«U 

relatively  thick  compacted  fnm  0f  SbSbS^.  Optical  Micrograph*  -  t  ,, 

end  pjla  contact  surfaces  are  shown  in  Fig.  8(a)  and  8(b).  Close  ,  .  fiv< 
oxanl nation  of  the  disk  surface  revealed  som  small  areas  of  bare  Mpt*1( . 

In  the  wear  track.  It  appears  that  during,  sliding  the ...fl)u;,waf  foupftfff:  <\ 
attached  to  the  pin  and  somtlnes  to  the  disk.  The  friction*!  >0 

controlled  by  shear  between  the  thick  file  aed  the  mtt)  surfaces, and, ^ 
some  extent  by  sheer  within  this  flln.  The  shear  stresses  Involved  are 
ouch  larger  than  with  NoS2  which  under  comparable  conditions  gave  • 
friction  coefficient  of  0.05. 
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Addition*!  toots  on  dry  SWW^  mare  conducted  at  higher  3iU% 

Figure  d  shows  the  variation  of  friction  coefficient  with  tamperitSifif. 

In  this  experiment  the  hoator  was  switched  on  and  the  temperature*  ^  ertT 

to  rise  while  sliding  took  place.  The  friction  coefficient  renal ned  et  !'!on’>&'’7 
a  value  of  approximately  0.8  until  a  temperature  of  about  225°C  was  v  ?uorvf-'r:; 
reached.  The  friction  coefficient  then  decreased  tilth  Increasing  tlnperatPitf  n ' 
to  a  value  of  about  0.4.  The  maximum  temperature  attainable  (limited bgf1  ^  ‘ 

heater  power  capacity)  was  about  250#C.  On  turning  the  heater  off  the  fv  v 
coefficient  of  friction  recovered  to  Its  original  value  when  a  tssmppfatilre  ^ 
of  about  175°C  was  reached.  Sliding  was  terminated  In  one  test  at  258*Cv* 

After  cooling  to  room  temperature,  examination  of  the  specimen  surfaces  ’ 
showed  that  again  there  were  thick  patches  of  solid  film  In  the  wear  la*ack  *  i: 
(Fig.  10).  Flakes  of  the  film  were  stripped  from  the  surface  using  an  1  K 
extraction  replica  and  examined  In  the  transmission  electron  microscope. 

They  were  determined  to  be  the  crystalline  phase  Sb2$3  by  means  of  electr0^  j  !  l  + 
diffraction.  Thus  the  original  amorphous  compound  SbSbS4  underwent  a  br-,ss  nrq 
transformation  Involving  the  loss  of  an  S  atom.  During the  elevated 
tests  which  were  carried  out  In  air,  oxidation  of  the  Steel  surface  bpt> 

turning  it  first  to  a  straw  color  and  then  blue  when  250*C  was  readiWi i  f* S5?’,T,x8i 

A  test  was  run  without  SbSbS4  lubrication  to  Investigate  the  affects"  r,T 
of  specimen  oxidation.  The  friction  coefficient  vs  temperature  resit!  t£f  b<i !  !  fe 
ere  shown  In  Fig.  11.  The  behavior  Is  somewhat  similar  to  that ' obtained  & ' : iu 

*  : .  '.v  --v  -  v;c  ips.tss  twno? 

'*$£*>(  rfi»» 
,  <:  o  .  v  ’■*  o  a  m  f  a  li’ifoo 
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SbSbSa*  Comparing  Fig,  9  and  11  It  can  b«  seen  that  despite  the  l.ergij* 
fluctuations,  the  friction  coefficient  In  unlubricated  sliding  1$  dose 
to  0.8  until  a  temperature  of  about  190°C  Is  reached.  The  friction  co-  t. 

efficient  then  drops  to  about  0.6.  On  turning  off  the  heat  at  25Q*C, 
the  friction  coefficient  Increased  slowly  with  decreasing  temperature 
reaching  Its  Initial  value  of  0.8  at  about  60°C.  Although  oxidation  of 
the  steel  specimen  surfaces  may  contribute  to  the  results  obtained  with 
SbSbSa,  It  cannot  account  for  a  large  part  of  the  observed  effect. 

The  test  procedures  used  above  (rising  and  falling  temperatures) 
do  not  necessarily  establish  the  critical  temperatures  at  which  changes 
In  friction  coefficient  occur.  However,  the  results  do  Indicate  that 
variations  In  friction  coefficient  may  be  dependent  on  factors  other  than 
a  change  In  the  lubricating  qualities  of  SbSbS4.  Additional  experiments, 
perhaps  In  an  Inert  atmosphere  would  be  required  to  separate  the  effects 
of  oxidation  from  those  due  to  SbSbS4.  With  respect  to  the  solid  lubricating 
characteristics  of  SbSbSa  two  observations  are  Important:  (1)  over  the 
temperature  range  from  22°C  to  225°C  the  compound  exhibits  a  friction 
coefficient  on  steel  much  higher  than  with  good  solid  lubricants,  (2)  SbSbSa 
forms  a  rather  strongly  adherent  film  on  the  surface.  The  latter  property 
of  SbSb$4  may  contribute  to  Its  good  performance  as  an  additive  as  discussed 
later  In  this  report. 

A  different  test  device  (reciprocating  linear  slider)  was  used  to, 
reach  a  temperature  of  650°C.  The  friction  coefficient  vs  temperature  data 
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temperatures  from  22S°C  to  650#C.  In  this  regard  it  Is  much  better  than 
M0S2  which  oxidizes  at  350°C  In  air  and  is  then  no  longer  effective. 

B.  Confirming  Four-Ball  Tests  and  Pin  and  V-Block  Load  Capacity  Tests 

Four-ball  EP  tests  were  conducted  on  RM81  base  grease.  RM81+5  w/o 
SbSbS4  and  RM81+5  w/o  M0S2.  The  data  are  plotted  In  Fig.  13  together 
with  the  results  of  King  and  Asmerom  (5).  The  agreement  Is  very  good,  thus 
confirming  the  outstanding  EP  behavior  of  SbSbS4  as  an  additive  In  this 
test. 

Pin  and  V-block  EP  tests  conducted  using  ASTM  method  03233  demonstrated 
the  significant  superiority  of  RM81+5  w/o  SbSbS4  over  the  base  grease 
alone.  However,  the  difference  here  between  RM81+5  w/o  SbSbS4  and 
RM81+5  w/o  M0S2  was  not  nearly  as  great.  In  addition  to  the  relatively 
soft  1137  steel  block  (20  HRC)  and  3135  steel  pin  (90  HRB),  the  standard 
specimen  materials  specified  In  Method  D3233,  three  hardened  steel 
specimen  materials  and  a  non-steel,  T1-6A1-4V,  were  examined.  These 
results  are  shown  in  Table  9.  When  the  hardened  steel  specimens  were 
used,  the  failure  load  was  nearly  doubled  for  the  RM81  base  grease, 
compared  to  the  standard  specimens.  With  RM81+5  w/o  M0S2,  a  moderate 
Increase  was  obtained  with  4130  steel  and  440C  steel  compared  to  the 
standard  specimens  but  there  was  almost  no  change  for  52100  steel.  When 
RM81+5  w/o  SbSbS4  was  used,  the  failure  load  was  about  the  same  for  all 
stool  specimens. 
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It  «ay  also  be  noticed  that  there  was  essentially  no  difference 
In  failure  load  for  RM  81+5  w/o  MoS^  and  RM  81+5  w/o  SbSbS^  when 
4130  steel  and  440C  steel  specimens  were  used.  Large  differences  were 
primarily  the  result  of  using  SAE  52100  steel  as  found  In  the  four-ball 
test  results. 

To  understand  these  results  It  Is  necessary  to  consider  In  more  detail 
the  pin  and  V-block  test  itself.  The  failure  load,  as  described  earlier.  Is 
determined  by  specimen  pin  fracture,  fracture  of  the  locking  pin,  or  by 
extreme  wear.  Mechanical  properties  of  the  specimens  and  other  metallurgical 
factors  as  well  as  lubricant  properties  will  almost  certainly  play  a  role 
In  determining  failure  load.  A  good  example  of  the  importance  of  "other” 
metallurgical  factors  Is  demonstrated  by  the  almost  complete  Ineffectiveness 
of  the  lubricants  In  question  with  T1-6A1-4V.  With  specimens  of  the  latter 
material,  failure  occurred  during  run-in  at  1330  N  (300  lb).  The  higher 
failure  loads  of  RM  81  base  grease  when  tested  with  52100,  4130  and  44QC  steel 
compared  to  the  1137/3135  steel  combination  appear  to  be  a  result  of  the 
higher  strength  of  the  former  steels.  The  friction  coefficient  and  load 
traces  for  tests  employing  the  1137/3135  specimen  combination  lubricated  ~ 
with  RM  81  are  shown  In  Fig.  14a.  Run-In  Is  not  shown;  only  the  portion  ••••.; 
where  the  load  was  automatically  advanced  to  failure  Is  shown.  The  friction 
coefficient  remains  constant  with  Increasing  load  until  It  rises 
abruptly  at  a  load  of  *2700  N  (600  lb)  and  the  test  Is  terminated.  In  thf*  ' 
case,  by  fracture  of  the  specimen  pin.  Figures  14b,  c  and  d  show  corresponding 
friction  coefficient,  temperature,  and  load  traces  for  specimens  of 
52100,  440C,  and  4130  steels,  respectively.  Only  the  run-in  portion  of 
the  test  during  which  failure  occurred  Is  shown  for  T1-6A1-4V  In  Fig.  14e.  A 
marked  rise  In  the  friction  coefficient  occurs  at  2700-3100  N  (600-700  1b) 
for  the  steels,  52100,  4130  and  440C  but  actual  failure  of  the  specimen 
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pin  (or  locking  pin)  did  not  take  place  until  a  much  higher  load  was 
attained.  In  fact,  the  friction  coefficient  Is  seen  to  recover  to 
a  lower  value.after  Its  Initial  rise,  before  Increasing  to  failure. 

Although  direct  analytical  Information  was  not  obtained  to  explain  this 
behavior.  It  Is  hypothesized  that  chemical  reactions  with  the  lubricant 
or  perhaps  oxidation  led  to  the  Intermediate  reduction  of  friction  forpe< 
Chemical  reaction  Is  certainly  favored  by  the  rising  temperature  which 
accompanies  frictional  heating.  Variations  In  friction  such  as  those 
shown  In  Fig.  14b-d  are  well  known  to  occur  with  steel  under  non-lubricant 
sliding  conditions  In  air  (27). 

Load,  temperature, and  friction  coefficient  traces  similar  to  those 
for  RM  81  are  shown  for  RM  81+5  w/o  MoS2  and  RM  81+5  w/o  SbSbS^  In 
Figures  15  and  16,  respectively.  These  examples  are  representative; 
other  tests  did  not  necessarily  repeat  In  detail  the  small  variations 
shown  but  the  general  behavior  was  quite  similar.  In  cannon  with  RM  81, 
the  mixture  RM  81+5  w/o  MoS2  shows  a  rise  In  the  coefficient  of 
friction  at  2700-3100  N  (600-700  lb).  That  rise  did  not,  however, 
lead  to  the  failure  of  the  pin  for  the  standard  1137/3135  steels, 
as  occurred  with  the  base  grease  alone.  In  fact,  recovery  occurred  and  the 
ultimate  failure  load  for  1137/3135  steel  was  about  the  same  as  for  52100  steel. 
With  RM  81+5  w/o  SbSbS^  (Fig.  16)  an  Initial  decrease  In  coefficient  of  fric¬ 
tion  occurred  and  a  rise  was  not  observed  until  a  load  In  the  range 
5800 >6700  N  (1300-1500  1b)  was  reached.  In  summary,  these  results 
Indicate  that  with  steel  specimen  materials,  there  is  an  increase  In 
friction  coefficient  at  2700-3100  N  (600-700  lb)  for  the  RM  6l  base 
grease.  Addition  of  5  w/o  MoSg  reduces  the  size  of  this  increase  while 
5  w/o  SbSbS4  eliminates  or  perhaps  delays  It  until  a  load  In 
the  range  5800  *6700  N  (1300-1500  1b)  Is  reached. 
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A  common  feature  of  both  MoS-  and  SbSbS.  Is  the  presence  of  sulfur. 

Because  of  the  well  known  effectiveness  of  sulfur  as  an  EP  agent.  0.43w/o 
elemental  sulfur  powder  was  blended  with  RM  81  base  grease  and  subjected 
to  the  pin  and  V-block  test.  The  load  and  friction  force  traces  for 
one  test  are  shown  In  Fig.  17.  The  behavior  Is  similar  to  that  of 
RM  81+5  w/o'SbSbS4. 

C.  Comparison  of  SbSbS ^  with  Other  S-contalnlng  and  Solid  lubricant  Additives 
Additional  pin  and  V-block  tests  were  conducted  on  the  Ml  81  base 
grease  with  several  solid  lubricant  additives  and  three  proprietary 
90 luable  sulfur-containing  organic  additives.  These  were  compared  with  elemental 
sulfur.  The  solid  lubricants  (PbO.  HB03  and  PbO  plus  graphite)  were  chosen  because 

they  are  excellent  high  temperature  solid  lubricants.  It  was  hypothesised  that 
the  SbSbS^  might  behave  In  a  similar  manner.  The  organic  sulfur  and  elemental 

sulfur  additives  were  Included  to  evaluate  the  role  of  sulfur  reactivity. 

The  additives  examined  together  with  their  measured  maximum  pass  loads 
In  the  pin  and  V-block  test  are  listed  In  Table  10.  Separate  tests  were 
carried  out  at  445  N  (100  lb)  load  Increments  starting  with  445  N  (100  lb) 
until  a  load  was  reached  at  which  failure  occurred  before  an  arbitrarily 
chosen  period  of  30  minutes  was  attained.  The  maximum  load  at  which  the  r 
30  min.  test  could  be  completed  was  designated  the  maximum  pass  load  for  the 
lubricant.  None  of  the  solid  additives  listed  In  Table  10  except  SbSbS^ 
sustained  a  load  of  1780  N  (400  1b)  without  failure.  Nlth  a  soluble  sulfur 
containing  additive,  Anglomal,  and  when  It  elemental  sulfur  was  dissolved 
in  RM  81,  •  maximum  pass  load  of  1780  N  (400  1b)  was  obtained.  Also,  . 


0.2 %  dissolved  sulfur  In  RM  81+5  w/o  MeS2  raised. the  ^Iman-pasi^Tead'1' 
from  1330  N  (300  1b)  to  1780  N  C400  1b).  :  0  ‘ 

These  results  strongly  suggest  that  the  sulfur  effect  IS  Store 
significant  than  the  possible  high  temperature  solid  lubricant  effect.  *  . 
To  Investigate  further  the  significance  of  sulfur  on  the  behavior  of 
SbSbS^,  pin*  and  V-block  30  minute  wear  tests  were  carried  out  on  white 
paraffinic  mineral  oil  containing  S  and  SbSbS^.  The  white  mineral  oil 


was  used  to  avoid  the  possible  effects  of  soaps  or  impurities 
in  the  grease.  The  lubricants  studied  are  listed  in  Table  7.  Two  Of 
the  lubricants  were  prepared  by  first  mixing  5  w/0  SbSbS^  dry  powder 
in  mineral  oil  and  then  filtering  out  the  solid  residue.  In  one  case 
the  mixture  was  heated  to  120°C  for  30  min.  before  cooling  to  room 
temperature  and  filtering,  and  In  the  other  case  the  mixture  was  Stirred 
at  room  temperature  for  16  hrs.  before  filtering.  The  filtering  process  ' 

itself  required  several  hours.  X-ray  fluorescence  analysis  of  the 

* 

filtrates  indicated  the  presence  of  0.16  w/o  S  In  the  heated  and  D. 08  w/o  $ 
in  the  unheated  filtrate  but  only  a  trace  concentration  <<0.001X)  of 
antimony  was  detected  in  both  cases.  The  SbSbS^  powder  Itself  was  reported  {28) 
to  contain  less  than  0.1  w/o  uncomblned  sulfur.  These  results  Indicate 
that  some  sulfur  Is  given  up  to  mineral  oil  by  the  SbSbS^  compound. 

The  pin  and  V-block  test  results  given- In  Fig.  18  show  that  the  filtered 


blends  exhibit  a  wear  behavior  that  Is  similar  to  mineral  oil  having  fh« 
same  concentration  of  elemental  sulfur.  "  * 


These  results  clearly  demonstrate  that  sulfur  intbi^cfidliiH#i^  ^ 


the  steel  surface  plays  an  extremely  Important 
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wear  behavior  of  SbSbS^. 
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Antt-ffHr,ft8^or  of „,SbS$>Sr As  ^  ri  iVrri,^,.  *,  fs 

The  superior  EP  performance  of  Sb$b$4  as  an  a^ditlye  tp  RM  8V,^|7 
grease  has  already  been  described.  King  and  Asraerom  (5)  hay$ employed, 
four-ball  wear  tests  (ASTN  D2266  and  02596)  to  demonstrate  that  the  wear  . 
rate  characteristic  of  RM  81+5  w/o  SbSbS4  1$  equal  to  or  better  than  either 
RM  81+5  w/o  MoS2  or  RM  81  alone.  The  test  conditions  specified  by  ASTM  D2266 
and  D2S96  are  relatively  severe  with  respect  to  load  and  speed,  and  , 
consequently,  also  as  regards  temperature.  The  question  arises  as  to 
what  the  behavior  of  SbSb$4-contain1ng  greases  would  be  under  less  severe 
conditions,  particularly  where  the  temperature  might  not  much  exceed  room 
temperature  (22®C)  and  the  physical  rather  than  chemical -reactive 
properties  might  be  stressed.  To  answer  this  question  a  series  of  block 
on  ring  tests  was  conducted  at  a  load  of  267  N  (60  lb)  and  sliding 
speed  of  5.5  cm/s.  The  results  of  tests  on  three  different  lubricants. 

RM  81  base  grease,  RM  81+5  w/o  SbSbS4  and  RM  81+0.43  w/o  S,are  shown  In 
Fig.  19.  The  concentration  of  elemental  sulfur  listed  was 


chosen  to  equal  thequantity  of  sulfur  that  would  be  available  from  5w/o  * 

SbSbS4  if  the  latter  compound  was  converted  to  SbgSj.  The  steady  state 
wear  rate  obtained  with  RM  81  was  7  X  10"9  Hm*/mm  and  Is  substantially  higher 
than  the  value  1.8  x  10” 10  mm* /mm  obtained  with  RM  81+5  w/o  SbSbS4.  It  imy.be 
noted  that  a  relatively  high  run-in  wear  rate  was  obtained  with  RM  81+5  w/o  SbSbS4 
and  that  a  sliding  distance  In  excess  of  1000  m  was  required  to  enter  the 
steady  state  regime.  The  calculated  steady  state  wear  coefficient* .for 
RM  81+5  w/o  SBSbS.  Is  K  *  5  x  10"*.  This  value  Is  1nd1cat1ver  of  mild  wear  and 
demonstrates  the  good  anti -wear  characteristic  of  SbSbS4  under  these  conditions. 

...  •“  1  ...'if'-  9*1.? 
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Similar  tests  conducted  on  RM  81+0.43  w/o  S  gave  essentially  the  same 

'  •  -  •'  •  5-  s>,'? 

rate  as  those  for  RM  81+5  w/o  SbSbS^.  This  result  seems  to  further 

substantiate  the  sulfur  contribution  In  the  case  of  SbSbS^.  Additional 

'  '  '*$<.  «.  ‘v  •  *• 

tests  will  be  required  to  better  establish  the  comparative  behavior  of 

'  .  •  '  '  ‘  ■;  .  =  »  i  t;- :«  y  I 

elemental  sulfur  and  SbSbS^. 

■  .  ■*  i". 

E.  Analysis  of  Debris  and  Surface  Films 

The  observation  of  thick  films  on  surfaces  lubricated  with  dry 
SbSbS^  powder  has  already  been  discussed.  These  films  were  easily 
revealed  by  optical  microscopy.  Specimens  lubricated  with  mineral  oil 
and  grease,  both  with  and  without  additives,  were  not  covered  with  such 
thick  films.  Depending  on  test  conditions  and  the  lubricant  used,  solid 
films  could  sometimes  be  seen  with  the  optical  microscope.  In  some  cases 
the  entire  wear  surface  appeared  to  be  covered  by  a  film,  while  In  other 
cases  only  part  or  none  of  the  surface  was  covered  by  a  visible  film.  It 
Is  thought  that  the  explanation  for  these  apparently  disparate  observations 
lies  In  the  fact  that  all  surfaces  were  covered  by  films  but  that  the  * 
thickness  varied.  Only  when  the  films  were  sufficiently  thitlc  wire  they  1 
observed.  Since  the  existence  of  a  solid  film  and  the  nature  of  that  film 
are  probably  the  most  Important  factors  determining  boundary  lubrication  * 
characteristics,  a  study  was  Initiated  to  characterize  films  that  HfWrO 
present  under  test  conditions  employed  In  this  Investigation. 
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Two  approaches  were  taken  to  study  the  films.  Both  employed 
transmission  electron  microscopy.  In  one  method  wear  debris  particles 
from  used  lubricants  were  examined.  It  was  assumed  that  either  same 
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of  the  original  film  resided  on  those  particles  or  that  the  entire  particle 
was  In  fact  film  that  had  been  rubbed  off  the  surface.  In  the  second  method, 
fragments  of  the  film  were  stripped  off  the  surface  by  means  of  a  replica 
technique.  The  debris  particles  and  film  fragments  were  examined  In  an 
analytical  electron  microscope  (AEN).  Crystal  structure  Information  Was 

’  -  '  '  .  .  ■  '  i-v .  ■  b'»i  h~\- 

obtained  by  means  of  electron  diffraction  and  Information  on  composition 

'  -  !Ur*;  i  ' 

for  elements  with  atomic  numbers  equal  to  or  greater  than  11  (Ha)  was 
obtained  by  means  of  an  x-ray  energy  dispersive  spectrometer  system  (EDS). 

■>  .  •  i  i  .  i  + 

Debris  particles  from  two  pin  and  V-block  tests  have  been  examined. 

In  the  first  case,  RM  81+0.2  w/o  S  was  used  as  a  lubricant  and  the  test  was 
conducted  at  a  load  of  1330  N  (300  lb)  for  a  period  of  30  min.  A  considerable 
quantity  of  debris  was  accumulated  In  the  grease  that  remained  on  the 

specimens  at  the  end  of  the  test.  Relatively  large  metal  particles  were 

: -c,t 

visible  optically.  An  abundance  of  very  small  particles 

was  also  present.  A  number  of  these  small  particles,  often  In  clusters, 

were  examined  on  carbon  support  films  In  the  TEH.  Electron  diffraction 

•  ...  ’’  .i  ■  1  .  ' " '  'f j  »•  fj*i  f* 

Indicated  that  the  particles  had  a  crystal  structure  appropriate  to  the 
spinel  form  of  Iron  oxide,  Fe^.  Energy  dispersive  x-ray  analysis 
Indicated  the  presence  of  Fe;  a  sulfur  peak  also  was  observed.  There 
were  no  diffraction  lines  to  Indicate  that  sulfur  was  combined  with  Iron 
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to  form  •  sulfide.  It  is  not  Known  to  what  extent sulfur  may bo  «  ;  *\m  .gti 
incorporated  In  the  Fa^O^  structure.  >  ^  .  ji1*  ni 

In  the  second  case,  debris  particles  were  studied  teat  hed  been- r  t’'  -  i  z  r?  j 
generated  in  a  test  ampleylng  Mineral  oil  to  which  SbSbS4  powder  had  J; ;  ;  >» 
been  added  and  subsequently  filtered.  A  30  minute  waar  test  was  condkcted  *& 
a  load  of  2220  N  (500  lb)  with  this  lubricant.  Debris  particles  free  tee  need 
oil  were  stellar  to  these  fron  the  test  enploylng  «M  81+0.2  w/e  $  te  the  extent 
that  sane  large  «etal  particles  were  present  together  with  a  large  quantity  ; 
of  very  swell  particles.  Electron  diffraction  analysis  of  the  small 
particles*  however*  Indicated  that  they  were  very  nearly  Identical  in  b 

structure  to  a  variety  of  pyrrhotlte,  Fe1-X  (5C)  and  not  F«30^.  Pyrrhetltes " 
are  Iron-deficient  Iron  sulfides  exhibiting  a  variety  of  different  super** 
structures  based  on  the  hexagonal  NlAs  subcell. 

Film  fragments  removed  from  two  block  wear  scars  after  conducting 
ring  and  block  tests  were  examined.  Both  blocks  were  tested  under 
approximately  the  same  conditions,  257  N  (60  lb)  load  and  sliding  distance  of 
*5000*.  In  one  test  RM  81+5  w/o  SbSbS^  was  used  as  a  lubricant  and  In  the 
other  test  RN  81+0.43  w/o  S  was  employed.  It  may  be  recalled  teat  0.43  w/o  $ 
corresponds  to  the  amount  of  sulfur  that  would  be  available  If  5>w/0?  SbSfcS^ 
was  converted  entirely  to  Sb^Sj.  Film  fragments  f fm  tee  test  mapleylng  ar . 

RM  81+5w/o  SbSb$4  were  of  two  types.  One  type  of  fragment  was  essentially 
structureless  In  appearance*  Fig.  20(e).  According  to  electron  dlffrictlen 
It  was  amorphous.  EDS  analysis  Indicated  teat  It  was  cpmpsitd-of-Sbjand^-- 
S.  Thus*  It  Is  hypethesl sed  teat  tha  fllmwetdarlveedtractlyfPomtea^ 
amorpheas  Sh$bS4  pewder  aa  a  result  of  tea  powder  particles  being  rubbed 

-  .•<:  1  ).i.-  •  i  'tn; 
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over  the  surface  during  sliding.  The  second  type  of  file  also  shorn  In 
Fig.  20(a)  appeared  tor  be  competed  of  very  smell  Crystal!  ites^lboitflB  *s 
In  size.  Bright  field  and  dark  field  nlcrogrephs  Of  a  different  pdtf^ioDm 
crystalline  frtspmnt  eft  ehoen  in  Fig.  20(b)  and  (e) .  The  drystaT  stihoedre 
was  determined  by  electron  diffraction  to  be  comment  if  th  fc^  • 

Ffcj^S  (®c).  As  further  support  of  this  1  dtnti  fl Catl on,  tt$  Indicated*  'then 3  1 
presence  of  both  Fe  and  S  at  about  the  sane  concentration.  A  stellar  r f  - 
analysis  of  file  frayaents  frdn  the  block  lubricated  iHth  f*81*0.43  #/U  ’$?  !  t) 
(Fig.  21)  revealed  only  polycrystal  Ifni  fl  Ins  which  were  verystmllar  In  --u's 
appearance  to  polycrystalline  files  found  with  ANSI +5  w/oSbSbS^.  Pfdctrtn 
diffraction,  however,  indicated  a  crystal  structure  consistent  ifth  pyPIfe,  :'! 
FeS2.  By  eeans  of  EDS  it  was  detarelned  that  the  concentration  of  S  wet 
considerably  higher  than  Fe. 

The  results  described  above  concerning  the  nature  of  debris  particle* 
and  surface  films  are  preliminary.  Additional  specimens  need  to  be 
examined  both  from  duplicate  tests  and  conducted  jnder  differ  aft 
conditions  to  confine  the  present  observations  and  establish  bore  IWty  ,ir’ 
the  relationship  between  lubricant  competition,  teat  conditions,  and  ?  r 
film  characteristics.  However,  analysis  of  the  present  results  sutfUtl 
the  following,  iron  oxide  may  form  when  a  sulfur  containing 
is  employed  under  conditions  when  oxygen  has  ready  acctss  to  the  tontiet  £,w 
surface  and  frictional  heating  results  In  an  elevated  tamperet ure.Oddbr  m 


conditions  where  oxygen  was  net  so  readily  available  or  lemar”  WAie*llli0U'm 
tamperatures  existed,  sulfides  are  present  when  sulfur  bearing  eU*<1viiw>fi 
used.  Perhaps  the  most  significant  result,  however,  is  that 


a!®- 


the  Iron-: sulfide,  pyrrhetlte,  was  identified  as  the  prSnefplt'^iiisttiii^l^^^^^ 


of  the  surface  film. 


4''V- 


V.  Conclusions 

1)  Mien  usod  as  a  dry  powder  SbSbSa  yields  a  coefficient  of  friction  of 
0. 5-0.8  at  temperatures  below  about  225*C  In  air. 

2)  At  temperatures  above  approximately  225#C,  SbSbSa  exhibits  a  friction 
coefficient  In  the  range  0.2-0. 4,  and  therefore  has  characteristics 
of  a  high  temperature  solid  lubricant. 

3)  When  rubbed  dry.  SbSbS4  form  a  thick  adherent  and  durable  film  on 
contacting  steel  surfaces  at  temperatures  from  20°C  to  2§0*C» 

4)  When  employed  as  an  additive  In  a  lithium  soap  baseo  grease.  “Kiilrfi  .g 

was  found  to  exhibit  outstanding  extreme  pressure  performance  with  v  n 
steel  specimens  according  to  pin  and  V-block  and  4-ball  tests.  These 
results  confirm  those  of  other  Investigators.  , 

5)  SbSb$4  as  an  additive  In  lithium  soap  grease  was  not  an  effective  •  u. 

EP  lubricant  against  T1-6A1-4V.  r.'  <  ^ 

6)  The  extreme  pressure  behavior  of  SbSbS4  was  similar  to  other  known  .... 

sulfur  releasing  additives.  ;  v 

7)  The  boundary  friction  and  wear  characteristics  of  SbSbSa  when  employed 
as  an  additive  in  mineral  oil  and  grease  (lithium  soap)  appear  to  be 
associated  with  the  release  of  sulfur.  Iron  sulfide  films  were 
Identified  on  steel  surfaces.  A  solid  film  of  amorphous  SbSbSa  was 
also  formed  on  the  surface. 
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FIGURE  CAPTIONS 


1.  Concentration  effect  on  weld  point  for  SbSbS*  and  N0S2  *h  lithium  grease. 
Oata  from  King  and  Asmerom  (5). 

2.  Schematic  representation  of  fourth* 11  extreme  pressure  test  behavior. 

•V  "  A 

3.  Friction  coefficients  for  a  variety  of  solid  materials  vs  tempemeRitre  (13). 

4.  Load  carrying  capacity  vs  chemical  reactivity  for  EP  agents,  (15). 

5.  Schematic  drawing  of  three-pin  on  disk  wear  test  machine. 

6.  Photograph  of  reciprocating  high  temperature  friction  and  wear  test  machine. 

7.  Friction  coefficient  vs  sliding  distance  for  dry  SbSbSs  powder  using  three 
pin  on  disk  tests  (242  N  load.  10  cm/s  sliding  speed.  52100  steel  pins, 

0-2  tool  steel  disk), 

8.  Optical  photograph  of  film  generated  on  disk  (0-2  tool  steel)  and  on  pin 
(52100  steel  ball)  (b)  surfaces  after  sliding  with  SbSbS4  powder  at 
room  temperature. 

9.  Friction  coefficient  variation  with  temperature  for  dry  SBSbS4  powder 
using  three-pin  on  disk  test  (52100  steel  pins,  0-2  too  steel  disk). 

10.  tytlcal  micrograph  of  wear  track  on  disk  surface  showing  adherent  film 
after  sliding  at  250®C  (52100  steel  pins,  0-2  tool  steel  disk). 

11.  Coefficient  of  friction  variation  with  temperature  for  unlubricated  sliding 
using  three-pin  on  disk  test  (52100  steel  pins,  0-2  tool  steel  disk). 

12.  Coefficient  of  friction  vs  temperature  using  reciprocating  sliding  test 
rig  (M-l  tool  steel  specimens). 

13.  Four  ball  EP  test  data  compared  to  results  from  King  and  Asmerom  (5) 

(52100  steel  balls). 

14.  Pin  and  V-block  EP  test  results  on  RM81  base  grease  using  different 
specimen  materials.  Test  procedure  was  similar  to  that  described  In 
ASTM  03233  Method  A.  Simultaneous  record  of  load,  coefficient  of 
friction  and  block  temperature  shown,  (a)  1137  steel  V-blocks  and 
3135  steel  pin,  (b)  52100  steel,  (c)  440C  stainless  steel,  (d)  4130 
steel,  (e)  T1-6A1-4V. 

15.  Same  conditions  as  Fig.  14(a)  with  RM81+5  w/o  MoSg. 

15.  Same  conditions  as  Fig.  14(a)  with  RM81+5  w/o  SbSbS4. 
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17.  Same  conditions  as  Fig.  14(a)  with  RM81+0.43  w/o  S. 

18.  Pin  and  V-block  30  win.  wear  test  results  on  mineral  oil  blends 
(1137  steel  V-blocks  and  313$  steel  pin). 

19.  Block  and  Ring  wear  test  results  on  RM81,  RM81+5  w/o  SbSbS^  ap^ .  ,  I 

RH81+0.43  w/o  S  (52100  steel  specimen*). 

20.  Transmission  electron  micrograph  of  film  fragments  stripped  fn*.,,  s 
block  wear  scar  after  block  and  ring  tests  (521 00'  stefeT  specimens ). 

Test  lubricant  was  RH81+5  w/o  SbSbS*.  (a)  Amorphous  SJbSb^  f  Ifo 
crystalline  py  rrhotlte  film  fragments  are  present,  (b)  crystalline 
pyrrhotlte  film  at  higher  magnification,  (c)  dark  field  Imagf  of  Jb)  j, 
to  Indicate  size  of  Individual  grains. 

21.  Transmission  electron  micrograph  of  film  fragment  stripped  from 

block  (52100  steel)  wear  scar  lubricated  with  RM81 +0.43  w/o  S.  ,,y  ^ 

Polycrystalllne  film  was  determined  to  be  FeS2» 
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TABLE  1 


Seizure  and  Held  Load  Results  for  Base  Grease  and  Additives  (5) 

Lithium  Grease  RM  81+  RM  81+  RN81+ 

(RM  81 )  5*  MoSg  l*SbSbS4  5%SbSb$4 

Seizure  Load  (kg)  40  50  50  100 


1 


TABLE  2 

Ganshelner's  Results  on  Solid  Additives  In  011  (6) 


Material 

O.K.  Load  Cka) 

Zn2P2°7 

260 

Ca(0H)2 

200-220 

' 

MoS2 

200-220 

Graphite 

200-220 

ZnS 

160 

Base  Oil 

100 

■  b^t 

TABLE  3 


Load  dear  Index  S  Held  Loads  for  Oxides  as  Additives 

Oxides* 

Load  Hear  Index 
(kgl 

Held  Load 
(kfll 

•A 

74 

>  800 

CaO 

72 

500 

Bf2°3 

59 

500 

Sb203 

58 

>  800 

CdO 

54 

630 

BaO 

53 

315 

PbO 

51 

200 

CuO 

45 

252 

ZnO 

42 

200 

Sn02 

35 

200 

N10 

34 

252 

FV»3 

29 

200 

mo 

19 

160 

sto2 

15 

160 

14 

160 

♦In  all  cases  the  oxide  concentration  was 
IS  vt.S. 


TABLE  4 


***»*;•  xO 


Solid  Lubricant  Typos 


Organic* 


Polyoars- 


Metals- 


Inorganics- 


Glasses- 


-Soaps,  Fats,  Maxes 


—Teflon,  Polyethylene,  Methacrylates  ^ 
— IndliM,  Tin,  Lead,  Silver  lb 

—AX,  AXg,  Oxides,  Sulfides,  Chlorides 
-B2O3,  Pb0-S102,  PO4 


d  3j?i4T 

e?za5  i«of2«aKC!®o3  t»nHi  -»o*  uSsG  noltsidHaO 


JOl$  '■' ' 


TABLE  5 


!>£>'»  02  69# 

.  >o  szwmeO 

'3?9ffl5i  0  f  &msJ  >'!  l 


- ...  j~;<- 

Frlctlon  Coefficients  of  Som  Sulfides  (29}>. 


wm 


Soli* 

Mi  twill 

Friction 

Coefficient 

No$2 

0.047 

«S  2 

0.08 

T1$2 

0.20 

CuS2 

0.21 

0 ; 

Pb$Z 

0.15  r,c 

f  \  V 

TABLE  6 

Calibration  Data  for  Ring  Compression  Tests  (25) 


Measured 
Decrease  of 
Internal  Diameter 


j«A' 


Friction 

Coefficient 


TABLE  7 


List  of  Lubricants  Employed  In  Study 


Pry  Bondars 

SbSbSa 

NoS2 

Grease  Blands 
RM  81 

RM  81+5  w/o  SbSbSa 
RM  81+5  w/o  N©S2 
RM  81+0.2  w/o  S 
RM  81+0.43  w/o  S 

R*  81+1.0  w/o  S  at* 'iitol 

RM  81+5  w/o  S 

•fi  81+5  w/o  PbO  swum 

RM  81+5  w/o  HBOj 
RM  81+5  w/o  SbSbj$4 
RM  81+5  w/o  Anglaeol* 

RN  81+5  w/o  A60048I*  MS» 

RM  81+5  W/o  60284* 

RM  81+PbO  +  Graphite 
RN  81+0.2  w/o  $  +  5  w/o  MoS? 

RM  81+0.2  w/o  S  ♦  5  w/O  Sb253  r  ?  , 


Paraffinlf  Mm>ra1  p1,1J1«SS!»  2d2d2 

Mi  n  811  " 

Min  011  +5  w/o  SbSbS4  16  br.  filtered  ♦  0.08  w/o  S,  traco  Sb  (<  0.001  w/0) 
Min  Oft  +5  w/o  SbSbSi  -30  min  at  1*0°C  filtered  ♦  0.16  v/*$t  two*  t f>  K* 
88  (<  8.881  w/O) 

Min  011  +0.1  w/o  S 

Min  (HI  +0.2  w/o  S  ‘  - ^  V  T» 


"Additives  provided  by  Lubrlzol  Corp.  See  footnote,  p.  1. 
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TABLE  8 

Friction  Coefficients  of  Various  Lubricants 
Determined  by  Bing  Compression  Test 


Lubricant 


Friction  Coefficient 


i  a  Mfl 

.  ,>-  0\w  «' !  ft  «p 

•  :  '  r*  0  \i  f  <!:-■  i  Vi  '•*//. 

v;'“,  ■  rtflf 

c  <■>  vie 


BN  81  6rease 


NoS2  powder 
SbSb$4  powder 


BN  81  grease  ♦  Mo$2  (5X> 
BN 81  grease  +  SbSb$4  (5*) 


0.050 


0.035 


0.19 


0.040 


0.060 


■  - rvjrmrm 

Soaef  fields  it  Mir 
edgtr*  nslldfccd  Wner 

r&M  t  *8  m 

•*  ...  ":•$  f  i,-fv£  <*-*•  *  v».  JWI 

OHginaT  grf  flirt  remarks  on 


outer  rtwm.  fk 


Hlgh^/ 


S”-  f  8  ■ 


lie  of  MoSg 


evidence  of.fgli** 

c\w  c+  IHJ  fill! 

Original  *r1ed1e#warks 
pel  ls  tat  jfc>fu8»r  edge 

\v«  w  1.0*.  1  iO  a 

teugfe  suefaeto  *m 


’no"!  'fgiiiduj  vti  befeivo-iu  .. 


TABLE  9 


Pin  end  V-Block  E.P.  Test  Results 
According  to  ASTN  03233  Methed  A 


Test 

Soecl  Mens 

m  81 

RM  81 
♦ 

5%  K0S9 

RM  8T 

SISbSbS* 

RM  81 

'  ♦  M-- 
,:-.w  0*4Wh3 

52100 

5500  N 

1250  lb 

7000  N 

1575  lb 

8oo0  n':k 
1800  lb 

*>V  fMB 

,;  v  •  '  »*  Viv; 

, ;  .  y  Mv; 

4130 

$300  n 

1 200  1b 

9000  N 

2025  lb 

8700  li  . 
V950  lb 

f,5T- 

'-t .  ^  s  -  •  MM 

■  ■‘.k  c'-+  :  M  v- 

440C 

6100  N 

1375  1b 

2900  N 

2000  lb 

V  ,  ■  r-.:.  !  6 

9100  A; 
2050  1b 

\ v*  ms 

.r  .  v  *s  & 

y  A:: .. 

T1-5A1-4V 

% 

* 

* 

■  ? .  \  k\  ■ 

. .  yt  ■  •  :  v.si 

M  M  ..  C  ^  Mr 

1135  PH/ 

2300  H 

6900  N 

8700  N 

. '  ,  ‘  +  i  ii  MM 

8000  N 

1137  V-blocks 

525  1b 

1550  1b 

1950  1b 

1800  1b 

isihifij,!  \(i  bsbfvo’il* 

•Seized  during  run-in  et  1300  N  (300 


\ .'s'  iOc  !  '!»& ( on’'  Ujfc# 

o.-.r  <«•;  .t-t  b*">'io^so  snuf  I&1* 


TABU  lp 
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Pin  and  V-Block  30  Min.  Constant  Load  £.P.  Test  Results 
on  Various  Additive  Compounds 


Lubricant 


RM  81 

RM  81+1  w/o  M «S? 

RN  81+5  w/o  SbSbSa 
RM  81+5  w/o  PbO 
RM  81+5  w/o  HBO3 
RM  81+5  w/o  Sb9S3 
RM  81 +PbO+Graphf to* 

RM  81+5%  Anglamol  33* 

RM  81+5  w/o  Anglamol  6004A*+ 
rm  81+5  w/o  osm m*+ 

RM  81+0.2%  S 
RM  81+0.2%S+5  w/o  M0S9 
RM  81+0.2%S+5  w/o  Sb9$3 
RM  81+1. 0%S 


Max  Pass  Load 

890  N  (20Q  lb) 
1330  N  (300  1b) 
1780  N  (4Qp  1b) 
890  N  (2Q0  lb) 
1330  N  (300  lb) 

<  1330  H  (300  lb) 

<  1330  K  (300  lb) 
1780  N  (400  lb) 

<  1780  N,  (400  lb) 

<  1780  *  (400  lb) 
1330  H  (300  lb) 
1780  N  (400  lb 
1330  N  (300  lb 
1780  N  (400  lb; 
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•Provided  by  Lubrlzol  Corp.  Angamol  33  and  0SI60294  are  sulfur-containing 
additives.  Anglamol  6004A  Is  a  sulfur-phosphorous  additive,  .^ie  foo4pptftsp^4, 
♦Failure  occurred  at  the  Indicated  load;  tests  not  caWWbut  at  smaller  loads! 
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Schematic  drawl ng  of  three-pin  on  disk  wear  test 
■ecMne. 
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Fig.  20  Transmission  electron  micrograph  of  f*fm  fragments 
stripped  from  block  wear  scar  after  block  ana  ring 
tests  (52100  steel  specimens).  Test  lubricant  was 
RM81+5  w/o  SbSbS..  (a)  Amorphous  SbSbS.  film  and. 
crystalline  pyrrnotlte  film  fragments  are  present, 
(b)  Crystalline  pyrrhotlte  film  at  high  magnifl- 
cation,  (c)  Dark  field  Image  of  (b)  to  Indicate 
size  of  Individual  grains. 
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Friction,  wear,  lubrication,  metals ,  complex  metal  sulfide,  surfaces. 


Studies  have  been  carried  out  to  determine  certain  basic  properties 
of  the  complex  metal  sulfide,  SbSbS.,  that  pertain  to  Its  use  as  a  solid 
lubricant  end  lubricant  additive  material,  hast  research  had  damonstrCtad 
that  this  material  exhibited  superior  extreme  pressure  (IP)  performance, 
mutineer  properties,  and  high  temperature  stability’  The  present  Tsaaorsh 
bos  verified  the  performance  under  CP  conditions  as  an  additive  to  a 
base  grease.  However  the  performance  of  SbSbS*  as  a  solid  1 
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ehaet  m*C*  llsmaLnotedthoygh  th*t»  Ji£h  used  §s  a Jhgf 
thi?'rda0dtwd;  dfyjfroleee  s'  thick  adher«nt  film  on  steel  »i 

«&,«  »» S 

taiHiWfiM  ttrtr;in  order  to  fully  exhldre  ttolwteif 


»  e  different  aetels.  In  •  nuwher  ofceses.  Its 

performance  titts  compared  with  HoS9  and  with  other  sul fhr  containing  - 
additives  in  lubricants.  Electron  mtaroaeoRy  studies  on  flliawateHel 
removed  firoaT  the  kfldtng  contact  surfaces  have  shown  that  the  tntersM i#e& 
•fswlflwreioafed  fro*  SbSbSt  with  the  steel  sucfise^  Prtf ** 
local ty  olavaiodtampiMturesT  Is  a  prl ncl pal  iifchialtm.  ‘WiiMitFf 
physical  characteristics  of  the  SbSbS.  file  In  ttmi  contact  none  prat  ably 
also  have  a  significant  role  In  Its  overall  performance.  mS 
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